Abstract: Cracking of repair material due to restraint of shrinkage could hinder the intended extension of serviceability of repaired concrete structure. The availability of model to predict shrinkage stress under restraint condition will be useful to assess whether repair material with particular deformation properties is resistance to cracking or not. The accuracy in the prediction will depend upon reliability of the model, input parameters, testing methods used to characterize the input parameters, etc. This paper reviews a variety of models to predict shrinkage stress in patch repair system. Effect of creep and composite action to release shrinkage stress in the patch repair system are quantified and discussed. Accuracy of the models is examined by comparing predicted and measured shrinkage stress. Simplified model to estimate shrinkage stress is proposed which requires only shrinkage property of repair material as an input parameter.
Introduction
Spalling of concrete cover is an indication of degradation that could impair the performance of reinforced concrete structure in service. This type of damage could be due to reinforcement corrosion or other causes. Patch repair is a common method to recover the size and appearance of this damaged concrete, protect the exposed reinforcement from further corrosion and partially regain its structural capacity. The effectiveness of this repair method to restore damaged reinforced concrete is controlled by the performance and durability of the patch repair material being used. Matthews (2007) investigated performance of repair materials via case histories and found a variety of modes of repair failure. The principle modes of repair failure were cracking (32 %), debonding (25 %), continued corrosion of embedded reinforcement (22 %), alkali aggregate reaction (4 %) and others (17 %). In term of cracking, this mode of repair failure could be triggered by restraint of drying shrinkage. As repair material is applied on top of damaged concrete, they turn into composite system. The new repair material will shrink considerably while the shrinkage of the substrate concrete is negligible. This differential shrinkage creates restraint to the deformation of repair material. In turn, tensile stress is induced in the repair material. If the induced tensile stress (termed as shrinkage stress) exceed tensile capacity of repair material, it will cause cracking in the repair material.
Assessment of repair material performance related to shrinkage cracking has been suggested in literatures and may be categorized into three methods. The first method is to limit the magnitude of shrinkage as a criterion to determine the cracking tendency of repair material. The basis of this method is an assumption that material with a higher shrinkage property should have a higher risk of cracking and vice versa. Limitation of magnitude of shrinkage has been specified in several standards and literatures (ASTM 2000 (ASTM , 2007 Hongkong Housing Authority 1991; McDonald et al. 2000) . Suitability of performance assessment based on a limitation of shrinkage value alone may be inaccurate since cracking is not affected only by shrinkage, but other parameters such as creep and elastic modulus are also involved. As noted by Mc Donald et al. (2000) , there is no correlation between restricting shrinkage with the field performance. This is an indication that more reliable performance assessment is required which should take into account other parameters as criteria.
Method of shrinkage cracking assessment is improved when parameters influencing cracking behaviour of repair material under restrained condition are reckoned. An example of the method is a measurement of shrinkage cracking on ring specimen where restraint is provided by inner steel ring. This method has been standardized in AASHTO PP34-99 (2006) and ASTM C1581 (2007) . There are slightly differences in the dimension of the ring test between those two standards. Parameters observed during the test include time to first cracking, number of cracks and width of cracks. The stress occured in repair material could also be determined from measurement of strain on inner steel ring. Parameters observed in this test are product of interaction between shrinkage, creep and elastic strain property of repair material. Thus, this method measures a better and proper behaviour of repair material under restrained shrinkage condition in comparison to limitation of shrinkage method. However, it is noted that this test method is only capable to be used to compare cracking resistance between various repair materials (Bentur and Kovler 2003) . This method does not have a link to correlate cracking resistance of repair material as observed in this test with its field performance. This is because cracking behaviour of repair material is not only affected by deformation properties of repair material, but it is also influenced by degree of restraint (termed as a fraction of shrinkage being restrained that causes shrinkage stress) which in this test depends upon elastic property of inner steel ring and dimension of ring. In actual (field) performance, the degree of restraint is dependent on bonding between repair material and substrate, deformation properties and dimension of substrate.
A better method to asses cracking tendency of repair material is by quantifying the development of tensile stress induced by restrained shrinkage and compared the value with tensile capacity of repair material. The development of tensile stress due to restrained shrinkage (defined as shrinkage stress) in the repair system is affected by magnitude of drying shrinkage, creep and modulus of elasticity of repair material. In addition, properties of the substrate concrete will also influence the magnitude of induced stress. Many models have been suggested to calculate shrinkage stress under restraint condition. In the development of the models, restraint of shrinkage could be provided by end restraint, base restraint or inner steel ring restraint as illustrated in Fig. 1 (Carlsward 2008) . For end restraint type, the shrinkage stress occured in repair material solely depends upon shrinkage, creep and elastic properties of repair material. For base restraint type, there is an interaction between repair material and substrate concrete which affects the magnitude of shrinkage stress. Thus in addition to shrinkage, creep and elastic properties of repair material, the magnitude of shrinkage stress is also influenced by degree of bonding between repair material and substrate, deformation properties of substrate, the dimension of patch repair system, etc. For inner steel ring restraint, elastic property of steel ring, dimension of ring and deformation properties of repair material will determine the shrinkage stress occurred in repair material. Among the three type of restraints as described above, substrate restraint is thought to be properly reflecting the actual restraint in patch repair system. Quantification of shrinkage stress using prediction model could provide rational tool to assess a risk of cracking in patch repair system. Accuracy of the model will be a key in developing such method of assessment. The aims of this paper is to review models which may be applied to predict shrinkage stress in patch repair system. Effect of creep and composite action to release stress considered by the models will be quantified theoretically and using input parameters extracted from various literatures. Accuracy of the models are examined by comparing the predicted shrinkage stress with shrinkage stress data obtained in literature. Simplified model to estimate shrinkage stress is proposed which is derived from correlation between shrinkage and the induced stress.
Review of Shrinkage Stress Prediction Models
The stress induced by restrained shrinkage in patch repair system may be calculated by examining Fig. 2 as follows: at the start of repair material being applied on top of substrate concrete, those two materials are in equilibrium state (Fig. 2a) . As time increases, a new repair material will shrink at significantly a higher rate than old substrate concrete. If the two materials could experience shrinkage independently, the repair material would exhibit shrinkage at a magnitude of e sh-r(t) at time t while the substrate concrete will shrink at a magnitude of e sh-s(t) (Fig. 2b) . However, since repair material develops bond to the substrate, consequently it turns repair material and substrate becoming a composite system. The movement of repair material will be restrained by substrate. If it is assumed that full restraint is occurred, then the magnitude of shrinkage of repair material being restrained is equivalent to D esh(t) which is the differential shrinkage between repair material and substrate concrete. When shrinkage of repair material is restrained, tensile stress, r (t) , is induced which is equivalent to the stress required to pull the repair material at an elongation of D esh(t) (Fig. 2c) 
From Eq. (2), shrinkage stress in repair material could be estimated as cumulative of Dr (ti?1-ti) :
Shrinkage stress estimated using Eqs. (2-3) could be reduced when full restraint of shrinkage is not achieved due to imperfect bonding between repair material and substrate concrete. In this situation, only a fraction of differential shrinkage, D esh(t) , is restrained. Other factors could also reduce the value of differential shrinkage, D esh(t) , for example due to deformation of substrate concrete. Hence, if l represents a fraction (degree) of restraint, then magnitude of shrinkage that will induce stress is l D esh(t) . The value of l is between zero and one.
Further assessment of Fig. 2c , it is noted that when tensile stress occurred in repair material the system is on condition of unbalance forces. For equilibrium of forces, a compressive force of N = r (t) . A r is required to be applied on the system at the center of gravity of repair material where A r representing cross-section area of repair material. This compressive force N causes the composite system undergoes two type of compressive stresses i.e. axial stress r N due to compressive force N applied on the center of gravity of composite and bending stress r M due to moment M = N Á y c where y c is distance between center of gravity of repair material and composite (see Fig. 3 ). These two type of stresses have releasing effect on the shrinkage stress of repair material (Denarie et al. 2011) . Thus, the final stress occurred in repair material r new(t) becomes:
It is obvious that r N is distributed evenly across the section of repair material while r M distributed linearly with the minimum at the interface between repair material and substrate concrete. For evaluation of shrinkage stress, the use of r M at the interface will give a conservative value of shrinkage stress. The values of both r N and r M depend upon elastic modulus and dimension of both repair material and substrate concrete.
In the development of model to predict shrinkage stress as given above, the only time-dependent deformation property of substrate concrete which has been taken into account is shrinkage while creep is omitted. If shrinkage of substrate concrete is negligible, the differential shrinkage that causes shrinkage stress is equivalent to shrinkage of repair material itself. The elimination of substrate shrinkage could be accepted when substrate concrete being repaired is that of old concrete.
A different model has been proposed by Silfwerbrand (1996) where shrinkage stress r (t) may be calculated using the following equations:
ð Þ e shðtÞ ð5:aÞ where e sh , E (t) * and l are shrinkage of repair material, modified elastic modulus of repair material and degree of restraint, respectively. Equation (5.a) indicates that stress induced by shrinkage is partially released by creep and a form of restraint. This restraint is due to stress distribution on composite system where Bernoulli's hypothesis i.e. plane sections remain plane after bending is applied. The value of degree of restraint is always less than one and it is affected by m and a which are, respectively, ratio of elastic modulus of substrate concrete E 2 to E * and ratio of depth of repair material d to total thickness of overlay plus substrate concrete h. Creep coefficient / (t) is used to obtain E * from elastic modulus of repair material E 1 . Thus, creep is taken into account to modify the value of elastic modulus of repair material and so its value is reduced. Several assumptions have been used for developing this shrinkage stress prediction model and those which represent parameters related to mechanism of shrinkage induces stress in repair material are outlined as follows: the shrinkage of repair material is e sh throughout the depth of material while shrinkage of concrete substrate is neglected; complete bond exists in the interface of repair material and substrate which provides full restraint of shrinkage; creep of the substrate concrete is negligible.
Carlsward (2008) proposed similar model with that of Silwerbrand. The only difference is that the method of Silfwerbrand is a one-step calculation i.e. a single stress value is calculated based on the final shrinkage whereas the method of Carlsward is an incremental procedure. The stress at any time t due to shrinkage applied at time t i , is estimated using the following equations:
The total stress at any time t is calculated by summing the contribution from each increment as:
Other model to estimate shrinkage stress is proposed by Baluch et al. (2002) where shrinkage stress at time t, r(t), is computed by multiplying elastic modulus of repair material E (t) with total strain, in which total strain in repair material is obtained from shrinkage e sh(t) minus creep e crp(t). The contribution of elastic strain of repair material is omitted. The model is also developed by assuming that time-dependent deformation properties of substrate concrete are negligible. In addition, rigidity of substrate concrete is incomparable than that of repair material. In turn, effect of elastic deformation of substrate concrete could be ignored. This can be achieved when the size (thickness) of substrate concrete is far greater than that of repair material. Obviously, these assumptions lead to similarity of the model with end restraint situation. The model is expressed in the following equations: r ðtÞ ¼ E t e shðtÞ À e crpðtÞ À Á ð8:aÞ
The value of creep may be expressed in term of specific creep c (t) defined as creep due to unit of stress. Hence, Eq. (8.a) turns to be:
Many more models could be found in literatures (Weiss et al. 1998; Yang et al. 2000; Zhou et al. 2008; Raoufi et al. 2011) . Computation of shrinkage stress using these models require numerical techniques which are beyond the scope of this paper.
Comparison of Shrinkage Stress Computed from Different Models

Input Parameters
Computation of shrinkage stress in patch repair system using a variety of prediction models requires input parameters which are determined experimentally. The input parameters at least consist of shrinkage, creep and elastic property of repair material. When effect of deformation properties of substrate concrete are taken into account, the models require another input parameters to be determined i.e. shrinkage, creep and elastic property of substrate concrete. The effect of releasing stress due to composite action could be included and for this reason dimension (thickness) of both repair material and substrate concrete are necessary.
Various experimental results found in literatures are gathered to be used as input parameters for this current study. Type of material, dimensions of specimens, testing methods, age of testing and other relevance condition for measuring input parameters obtained from various sources are presented in Table 1 . With data extracted from these sources, the main parameters influencing the shrinkage stress are investigated.
Degree of Restraint and Stress Release
Various models as presented in previous section would be expected to give dissimilarity in the results of shrinkage stress prediction. The difference in estimating shrinkage stress calculated using various models could be identified from the degree of restraint and stress release considered by each model. If the magnitude of shrinkage of repair material at time t is e sh(t) , the shrinkage stress at time t is equivalent to r esh(t) = EÁe sh(t) when full degree of restraint is assumed. However, these shrinkage stress will be reduced due to effect of creep and so, the value of elastic modulus E is modified by E (t) to account for creep at time t. The reduction in shrinkage stress may also be viewed as a reduction of the degree of restraint. Hence, the degree of restraint due to effect of creep, l / , of repair material could be quantified as the following:
The degree of stress release due to effect of creep w / will be: Baluch et al. (Eq. (8.b) ).
Comparison of degree of restraint due to effect of creep, l ø, of repair material accounted by various models is presented in Figs. 4 and 5. It is obvious that effect of creep to release stress is similar for model of Silfwerbrand (Eq. (5.a)), Carlsward (Eq. (6.a)) and Baluch et al. (Eq. (8.b) ). On the other hand, in addition to creep effect, influence of elastic strain to release stress is also included in Eq. (1.c). Therefore, the degree of restraint l / used in Eq. (1.c) is lower than others. To reckon the influence of elastic strain in releasing stress, superscript asterisk is used in the notation of degree of restraint l Ã / . Based on data of creep coefficient (/ (t) ) and elastic modulus extracted from Baluch et al. (2002) as input parameters, the value of l / of Eq. (1.c) is about 10-20 % below those of other models (Fig. 4) . For the whole data extracted from sources shown in Table 1 , the different between degree of restraint l / of Eq. (1.c) with those of other models could be quantified using polynomial expression as shown in Fig. 5 . It is seen that the values of l / is in the range of 0.1-0.9 and it is reduced by about 40 % if effect of elastic strain is reckoned as in Eq. (1.c).
In the meantime, the degree of restraint due to composite action, l c , used in Eqs. (5.a) and (6.a) could also be identified from Eqs. (5.b) and (6.b), respectively. In the development of model to predict shrinkage stress, the values of l Specimen: prism of 500 9 100 9 100 mm loaded in flexure; measurement started at 1 days after casting Specimen:prism of 500 9 100 9 100 mm; tested in flexure in which stress and strain relationship in tension was determined Kristiawan et al. (2009) Repair material is fibre reinforced concrete with strength at 28 days is 51.5 MPa; thickness of repair and substrate concrete are 50 and 300 mm, respectively Specimen: prism of 500 9 100 9 50 mm; measurement started 5 days after curing Specimen: cylinder of 150 9 300 mm loaded in compression Estimated based on compressive strength using CEB FIP MC90
Carlsward (2008), Rahman et al. (2000) in Eqs. (5.b) and (6.b) are derived from composite beam theory where Bernoulli's hypothesis is applied. Thus, it can be deduced that the value l represents the degree of restraint due to composite action l c . For Eq. (4) the value of l c is equivalent to:
where w N and w M representing degree of stress release due to axial and bending action, respectively. Figures 6 and 7 show degree of restraint and stress releases due to composite action in the repair system for cases of beam having total thickness (included thickness of repair material) of 300 mm. For this parametric study, value of relative thickness of repair material to total thickness of composite system a is limited to 0.333 which corresponds to a maximum repair material thickness of 100 mm. This depth of repair material is thought to be a representation of maximum depth of general patch repair on beam having depth of 300 mm. Generally, it is found that degree of stress release due to composite action used in Eq. (4) l c has exactly similar value with l used in Eq. (5.a). The similarity of degree of stress release of both equations is not surprising since both of them derived from similar principle of composite action. It is also seen that for cases as in Figs. 6 and 7, the value of l c is in the range of 0.44-0.87.
Effect of a is investigated at relative ratios of effective modulus of substrate concrete to repair material m = 1 (See Fig. 6 ). It is confirmed that degree of restraint due to composite action decreases at diminishing rate when a is increased linearly. Examining Fig. 6 , it is also discovered that the component of axial stress release w N increases linearly with a. On the contrary, the component of bending stress release w M increases in the beginning (lower a) and then reaching a peak value before decreasing. It is also seen that w N is inferior than w M especially at lower a, but the trend is reversed at a higher a.
Effect of m on degree of restraint could be examined from Fig. 7 . An opposite trend is shown if it is compared with the effect of a. The degree of restraint due to composite action accounted in Eqs. (4) and (5.a) increase at diminishing rate. This behaviour is related to reduction of both w N and w M as m increased. Thus, if relative property of elastic modulus of substrate concrete to repair material is increased continuously, the amount of stress released by axial and bending action in the composite system is reduced and approaching zero value. Consequently, degree of restraint is increased and shrinkage stress approach to its original value when stress release due to composite action is omitted.
Magnitude of Shrinkage Stress Estimated by Various Models
An example result of shrinkage stress calculation are given in Fig. 8 using input parameters extracted from Baluch et al. (2002) . As can be seen in this figure, different model will give different value of shrinkage stress with the higher shrinkage stress is obtained from the use of Eq. h= 300 mm; = 0.100 Fig. 7 Degree of restraint l and stress release w due to composite action on a beam with 300 mm thickness and a = 0.100 at various m.
The order of shrinkage stress values as seen in Fig. 8 is predictable and could be related to the degree of stress releases considered by the models. Examining all the models as described in the previous section, it is clear that the stress release consists of two components i.e. due to effect of creep of repair material and due to effect of composite action. For model of Eq. (1.c), it considers not only stress release by creep but it also takes into account influence of elastic property of repair material. Meanwhile, the effect of composite action to release stress in repair material is neglected in Eqs. (1.c) and (8.b) . None of the models takes into consideration other stress release which is caused by deformation properties of substrate concrete. Model prediction which consider all possibilities of stress releases i.e. (Eq. (4)) will give the lowest magnitude of shrinkage stress and vice versa. Figure 9 illustrates the magnitude of shrinkage stress computed by various models from its original value (r esh(t) ). Original shrinkage stress r esh(t) is a stress calculated where none of degree of restraint is considered.
Comparison between shrinkage stress calculated using Eq. (8.b) and other models with input parameters taken from various sources (Table 1) is given in Fig. 10 . Equation (8.b) could be viewed as the basic shrinkage stress prediction model where only stress release due to creep effect has been taken into account. If other stress releases would be included, the magnitude of shrinkage stress should be reduced. 
Accuracy of the Models
Accuracy of the model to estimate shrinkage stress in patch repair system could be evaluated when concurrent data of input parameters and observed shrinkage stress are available. However, it is difficult to establish shrinkage stress measurement induced by substrate restraint which reflects actual deformation properties of substrate concrete. The available complete input parameters and shrinkage stress data for evaluation of the models are those obtained from measurement of shrinkage stress induced by end restraint (Lange et al. 2003) . If these data are used, only Eqs. (1.c) and (8.b) may be evaluated since these models neglecting the effect of substrate concrete properties. Table 2 provides background information related to the materials and specimens used to measure input parameters and their corresponding shrinkage stresses. Free drying shrinkage strain, restrained drying shrinkage stress and creep were measured from the first day after casting. Details of experimental works could be referred to Lange et al. (2003) . Based on these data of input parameters (free drying shrinkage strain and creep), shrinkage stress is estimated using model of Eqs. (1.c) and (8.b). The results of calculation is compared with the shrinkage stress observed in restrained shrinkage stress measurement and presented in Fig. 11 . As can be seen from this figure, computation of shrinkage stress with Eq. (8.b) will give almost similar value with the measured shrinkage. The difference in estimating shrinkage stress is only less than 10 %. The 10 % overestimate value of shrinkage stress by Eq. Fig. 8 Shrinkage stress estimated by different models (input parameters extracted from Baluch et al. 2002) .
Shrinkage stress
Age
. sh(t) µ.µ ø .
. sh(t) predict shrinkage stress when effect of substrate concrete properties is ignored. On the other hand, application of Eq. (1.c) will underestimate shrinkage stress by 30 %. Hence, Eq. (8.b) is favorable compared to Eq. (1.c).
Simplified Model
Method to estimate shrinkage stress required several input parameters which have to be experimentally determined simultaneously. Based on the values of input parameters, shrinkage stress could be computed and the risk of cracking on repair material could be assessed. Thus, input parameters may be used to set criteria for assessing shrinkage cracking tendency of repair material. If a model is developed with huge variety of parameters to be taken into account, it certainly will create complexity in setting criteria for assessing shrinkage cracking. For this reason, it is desirable to reduce the input parameters to as minimum as possible without losing in accuracy of the model for estimating shrinkage stress. Beushausen and Alexander (2007) proposed simplified model to estimate shrinkage stress which requires less input parameter than models presented in previous section. Strain produced in patch repair is a combination of shrinkage, relaxation and elastic strain. For most specimens they tested, measured repair material strains on composite members were approximately 35 % (between 30 and 40 %) of free repair material shrinkage strains e sh and relaxation could be estimated to reduce tensile repair material stress by approximately 50 %. Therefore, they suggest strain which induces stress e stress-producing in patching system as:
This corresponds to shrinkage stress in repair material of:
where E 0 is elastic modulus of repair material. Thus, the simplified model requires only two input parameters i.e. elastic and shrinkage property of repair material. A constant factor of 0.33 in Eq. (11) represents combination of degree of restraint due to creep and composite action. For degree of restraint provided by creep l / the value is equivalent to 0.5 and for that due to composite action l c it is equal to 0.65 (see Eq. (10)). Hence, if a comparison is made between Eq. (11) and other models, the following conclusions are drawn. It seems that the value of l / = 0.5 as suggested by Eq. (11) corresponds to average values of l / given by other models (see Figs. 6 and 7 where the range of l c is from 0.44 to 0.87. Thus, simplified model as given by Eq. (11) may be used to substitute model for estimating shrinkage stress in patch repair system where stress releases both due to creep and composite action are taken into account and the only available input parameters are shrinkage and elastic modulus of repair material.
Other simplified model has been proposed by Kristiawan (2011) where shrinkage stress at any time t, r (t) , may be calculated using the following equation:
where e sh(t) denotes shrinkage at time t; and the unit of stress and shrinkage is MPa and microstrain, respectively. The model is derived from regression analysis which relates the induced tensile stress with shrinkage. The data used for this analysis are taken from several literatures (Silfwerbrand 1996; Baluch et al. 2002; Weiss et al. 1998; Hossain et al. 2008) . It should be noted that the shrinkage stresses employed in the regression analysis are those estimated from shrinkage stress prediction models. When actual shrinkage stresses as measured in the laboratory are used (Lange et al. 2003) , similar result is obtained as seen in Fig. 12 . Thus, complexity of the model is simplified by Eq. (12) where only shrinkage property is required to estimate shrinkage stress. All other factors influencing shrinkage stress in repair material are contained in the constant factor of 0.0093. Since this simplified model is derived from data of measured shrinkage where restraint is provided by end restraint, the model (Eq. (12)) could only be used to substitute Eq. (8.b) where rigidity of substrate concrete is far greater than that of repair material as in the case of thin repair overlay system.
Conclusions
Various models to predict shrinkage stress in patch repair system has been suggested in literatures and the different values of shrinkage stress computed by these models could be traced from the difference degree of restraint and stress release considered by each model. Based on the provided data within the scope of the current study, the degree of restraint due to effect of creep l / is in the range of 0.1-0.9. Meanwhile, the degree of restraint due to composite action l c is in the range of 0.44-0.87.
Accuracy of the models to estimate shrinkage stress in patch repair system is evaluated based on available concurrent data of input parameters and observed shrinkage stress. For this current study it is confirmed that shrinkage stress estimated from model considering effect of creep to release stress (Eq. (8.b) ) is slightly (not more than 10 %) higher than measured shrinkage stress. On the other hand, if elastic strain is also included (Eq. (1.c) ), it will underestimates shrinkage stress by about 30 %. For this reason, Eq. (1.c) and other equation derived from this i.e. Eq. (4) are not recommended to be used for estimating shrinkage stress.
Two simplified models (Eqs. (11) and (12)) have been suggested where each of which has distinctive application. Equation (11) may be used to substitute model for estimating shrinkage stress in patch repair system where stress releases both due to creep and composite action are taken into account and the only available input parameters are shrinkage and elastic modulus of repair material. Meanwhile, Eq. (12) may be used to substitute Eq. (8.b) where the only stress release taken into account is that due to creep as in the case of thin repair overlay system and the available input parameter is the magnitude of shrinkage alone. 
